Abstract Clover root weevil (Sitona obsoletus) (CRW) is of Palearctic origin and in New Zealand has become an invasive pest of white clover. A major survey was undertaken in 2000 to identify and collect the most promising CRW biocontrol agents from a wide range of locations in Europe and the UK. Subsequently several Beauveria bassiana strains obtained from the cadavers of weevils originally collected live from England, Wales, France and Romania were isolated in containment at AgResearch, Lincoln. Thereafter bioassays using New Zealand field-collected CRW populations showed that all the European isolates were virulent against the adults, with two being particularly effective. Notably, all of the European B. bassiana isolates exhibited greater virulence against CRW than a New Zealand isolate collected from local CRW populations and a commercial B. bassiana product registered in the USA as Botanigard R .
INTRODUCTION
Since its original discovery in Waikato in 1996 (Barratt et al. 1996) , Sitona obsoletus (Coleoptera: Curculionidae) spread quickly from the upper North Island to infest both the North and South Island of New Zealand and rapidly became a major problem in white clover-based pasture systems. With no insecticides being effective at economic rates against the larval stage, and the mobility of adults making long term control problematic, classical biological control became the primary area of investigation with the options concentrated on the use of parasitoids to control the adult stage, as well as pathogens to provide long-term suppression of larvae (Phillips et al. 2000; Goldson et al. 2004) . Early survey work in New Zealand found very few pathogens from field collected S. obsoletus, with the exception of the fungus Beauveria bassiana, which was isolated from three cadavers collected from pasture in Waikato.
The fungal genus Beauveria (Deuteromycetes) contains many species that are pathogenic to a large range of insects, with the species B. bassiana being cosmopolitan. Beauveria bassiana has been recorded as a pathogen of over 20 insect species in New Zealand alone (Glare et al. 1993) , so research was initiated to test the three Waikato isolates as a potential biological control agent (Willoughby et al. 1998 ) compared to two commercial formulations of B. bassiana from the USA. Those laboratory studies showed that both the New Zealand and commercial B. bassiana strains were pathogenic to S. obsoletus adults and larvae, resulting in up to 100% mortality within 3 weeks of inoculation. Some differences were also observed in the impact of New Zealand isolates against the larvae versus adults, but in general they were no more pathogenic than the overseas commercial strains.
The three isolates found in the New Zealand established populations of weevils may have been the result of contact with spores already present in the Waikato soil, or alternatively arrived with the original invasive population of CRW. It has not been determined where New Zealand's populations of CRW originated, but being widely distributed throughout Europe a major and widespread effort was made in the summer of 2000 to identify and collect promising natural enemies. During the on-going search, many of the weevil hosts were found to be infected by entomopathogenic fungi, particularly B. bassiana (Goldson et al. 2004) . Consequently, cadavers were sent back to New Zealand for examination. This contribution reports on the isolation and subsequent testing of the B. bassiana European strains against the New Zealand CRW population.
MATERIALS AND METHODS
As part of the programme to identify a suitable biological control agent, Sitona spp. were collected from white clover stands in 11 European countries and the UK, and held to assess parasitism at a research base at the Institute of Grassland and Environmental Research (IGER) in North Wyke, Devon, England. Weevils dying prematurely and showing clinical signs of disease were transferred to microcentrifuge tubes, and separate consignments over a 3-month period were shipped under containment to the Microorganism Containment Facility at AgResearch, Lincoln, New Zealand. Further cadavers originated from the Invertebrate Quarantine facility at Lincoln, where parasitised CRW were shipped from England to New Zealand to rear out parasitoids for further assessment (Goldson et al. 2004; McNeill et al. 2006) . While in quarantine, weevils that died and appeared to be infected with a pathogen, were collected and placed into vials for subsequent identification. Cadavers shipped from England and those collected from the Lincoln insect quarantine were inspected for conidia that supported fungal sporulation typical of B. bassiana. These positively identified fungal cadavers were transferred to the selective medium JC (4% D-glucose; 1% Neopeptone, 1.5% agar, 0.0125% cyclohexamide, 0.035% streptomycin and 0.05% tetracycline; modified from Joussier & Catroux 1976 ) and grown at 25°C. Pure cultures were transferred to potato dextrose agar (PDA)(Oxoid), maintained at 25°C, and placed in the AgResearch Insect Pathogen Culture Collection (Lincoln) stored at -80°C (Table 1) . Four isolates collected from previous parasitoid rearing in Europe in 1999 and placed in the AgResearch Insect Pathogen Collection (Lincoln) were also included in this study.
Determination of disease species was via morphological examination of conidial dimensions using microscope eye-piece micrometers in an Olympus microscope at 1000×. Classifications were based on collection notes for overseas isolates and conidial morphology (Glare & Inwood 1998) .
Screening for pathogenicity against New Zealand CRW adults was carried out for each of the two shipments after they arrived, and for biological material received subsequently. The B. bassiana isolates collected the previous year were screened. All isolates, including the commercial Botanigard R , were cultured on PDA and incubated at 25°C for 2-3 weeks. Conidia were harvested into sterile aqueous 0.01% Tween 80 and concentrations of 10 8 conidia/ml prepared for the assays by using a haemocytometer. Conidial viability was confirmed by spread-plating 0.1 ml of a 10 8 suspension onto PDA incubated at 25°C, with the germination rate determined after 20 h (Goettel & Inglis 1997) . Viability was >95% for all batches of conidia used in the bioassays.
For the bioassays, batches of 20 field collected adult CRW per isolate of B. bassiana were pre-sorted into separate plastic Petri dishes (90 mm diameter). For each isolate used, 100 µl of 10 8 conidia/ml suspension was applied to the weevils in the Petri dishes with an air brush (Paasche H-SET Single Action Siphon Feed Airbrush Set). For the controls, 100 µl of 0.01% Tween 80 only was applied in the same way. Post application, each batch of 20 sprayed CRW was then transferred to a mesh-lidded transparent plastic container (110 mm diameter) with dampened filter paper (Whatman Qualitative No 9, 90 mm) and a food source of white clover. Containers were arranged in a complete randomized block design in an incubator at 20°C with a 16:8 h light: dark period, and checked daily for weevil mortality for a period of 14 days, except for bioassay 5 which was monitored for 18 days.
As each bioassay was completed the two or three isolates ranking highest in virulence were screened in the subsequent bioassay, alongside the commercially available B. bassiana-based product, Botanigard R ES Strain GHA provided by Mycotech Corp (now Laverlam International Corp., Butte, Montana, USA). In total, five bioassays were carried out.
Mortality data were analysed for day 7 and day 14 for all bioassays except for bioassay 5, which was analysed for day 7 and day 18. The mortalities of the best three European isolates, the New Zealand 
RESULTS
All the B. bassiana isolates (n=34) and Botanigard R tested in the bioassays were found to be pathogenic to the New Zealand CRW, but the degree of virulence differed greatly across the bioassays. Isolates from CRW cadavers recovered in France (F403), Romania (F418) and Wales (F419) were found to be the most virulent with mortality of 30-60%, 50-90% and 80%, respectively. An isolate obtained from S. sulcifrons collected in Switzerland (F380) also performed well causing 60% mortality in the exposed weevils. The results of the bioassays are summarised with mean mortality shown at two time points and presented in Tables 2-5 . Results from the bioassay of isolates from the Insect Quarantine (bioassay 4) are not represented due to none of the isolates achieving greater than 45% mortality after 14 days.
Mycosis was observed on the majority of dead weevils from the bioassays. It was noted that cadavers from treatments with F418, F419 and F420 produced higher amounts of conidia than other treatments, and that these isolates also produced greater amounts of conidia on the agar plates. At 7 days post-treatment, mortalities in CRW treated with F403, F418 and F419 were significantly greater (P<0.01) than the mortality in the Botanigard R treatment (Table 6) . After 14 days, isolate F419 had significantly more mortality than all other treatments (P<0.001) except for F418, while F403 and F418 had significantly greater mortality (P<0.001) than Botanigard R .
DISCUSSION
The screening for virulent isolates showed that, while B. bassiana was found to be associated with CRW in various European countries, there was a wide range in its virulence against New Zealand adult CRW. Isolates of B. bassiana collected from Europe performed better in the laboratory than the commercial product Botanigard R and a New Zealand isolate. The study showed a lower level of susceptibility to Botanigard R by adult CRW than Willoughby et al. (1998) found in their laboratory experiments. Botanigard R was originally isolated from corn root worm (Diabrotica undecimpunctata) in the northern USA and has a broad host range including whiteflies, aphids, weevils, grasshoppers and diamondback moth. Selection and development of Botanigard R as a biopesticide was based on this wide host range, but this appears to have made it less effective as a control agent for CRW in New Zealand when compared to the effectiveness of the isolates from European CRW. This is possibly because of the latter's novel association with the Sitona genera (e.g. Jackson 1996; Uma Devi et al. 2008) .
Many studies describe degrees of virulence when looking for differences amongst B. bassiana isolates, as opposed to virulence or avirulence (e.g. Goble et al. 2015) . The simplified approaches of laboratory assessments under controlled conditions add to the complexity of determining host specificity for biological control agents (Brodeur 2012) . The low susceptibility of CRW adults in some of the bioassays was unexpected as (Boucias et al. 2000) , and this was demonstrated in the present studies where isolates F418 and F419 ranged widely in percentage mortality across four separate bioassays. Two critical factors for fungal infection are attachment and germination of conidia on the insect cuticle. As such, host susceptibility has been shown to be affected by variations in cuticle surfaces (Hajek & Eastburn 2003) and may explain the variability in results between bioassays as different batches of CRW adults were used for each of the five bioassays carried out.
Isolates of B. bassiana associated with a particular host can also often infect other hosts to varying degrees. Strain selection is an important aspect in the development of microbial biological control agents, and with strains of Beauveria varying in pathogenicity depending on host and ecology (Uma Devi et al. 2008) , it can be argued that an isolate suitable for the environmental conditions where the host is found is preferable to one that is highly virulent to that host under laboratory conditions. Thus, there are potential benefits in selecting the most appropriate isolates according to environmental factors, particularly when a pathogen with a broad host range is used. Because B. bassiana is a facultative entomopathogen with the ability to survive in the soil in the absence of an insect host, environmental conditions as well as degree of virulence must be considered when selecting candidate isolates for biocontrol (Goble et al. 2015) . The two most virulent isolates in this study, F418 and F419, also produced high amounts of conidia both in vivo and on cadavers, particularly when compared to Botanigard R and the New Zealand isolate. Persistence in the environment is an important feature for fungal biocontrol agents, and high levels of conidia produced on cadavers can increase levels of the pathogen to allow further transmission of disease in the host population.
The laboratory bioassays described here were conducted to screen for the effectiveness of European-sourced isolates of B. bassiana against New Zealand CRW populations, and did not set out to calibrate dose response given the numbers of adults used in the bioassays. However, these results did point to a trend of European isolates being more virulent than Botanigard R and the New Zealand isolate. The most important criterion for the success of a pathogen is the ability to infect the host, but also the ability of it to survive in the environment during periods when the host is not active or absent is as essential for success as the time it takes to kill. Biological control agents do not usually share an evolutionary history with the pest they are targeted at and the environment in which they must perform in (Brodeur 2012) . Of the top five exotic strains screened, F418 yielded more spores when produced in large scale on solid substrate, therefore it was selected as the best candidate for field testing given the potential for delivery of large numbers of spores to soil.
The application of this research is as a potential tool for use against CRW, perhaps targeting the larval stage. Field trials using strain F418 have proven highly variable in their impacts (Nelson et al. 2004; Brownbridge et al. 2006) . While it was possible to deliver and establish the fungus in the soil at levels of 10 3 colony forming units per gram of dry soil, measuring the effect of the fungus on larval numbers proved more difficult due to natural declines in larvae number at field sites, along with dry summer conditions. Subsequent developments in formulation technology and management practices, such as the use of irrigation, will assist in achieving more virulent biopesticides that offer an alternative to classical biological control targeting the adult weevil. This aspiration is important from a pest management perspective, because reliance on a single solution to insect pest problems can lead to potential pest resurgence in the event of control failure.
